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All of the features in Fig. 3 refer to motions at times less than c . At times longer than c , the relative displacement of grains is characterized by subdiffusive motion, which presumably corresponds to gradual rearrangements of neighboring grains, over several orders of magnitude in time (Fig. 2 , B and C). We did not obtain the diffusive limit ͗⌬r 2 ()͘ ϰ , even at the end of the range available to DWS. Measurements by long-range video microscopy (solid circles in Fig. 2C) show that relative motions of sand grains in the direction transverse to V f (ŷ) and in the plane of the channel were diffusive (17) . The time for rearrangement of nearest neighbors was 0.1 to 10 s, so that if relative motion is diffusive, it is a consequence of complex collective behavior. Hunt and others (8) reported experiments on video imaging of granular material in channel flow from which they extracted diffusion constants; similar experiments have been performed on vibrated granular systems (9) . Our data indicate that the parameters of collisional dynamics cannot be deduced from such measurements using conventional prescriptions such as the Langevin equation as a bridge between short-time ballistic motion and long-time diffusion; for example, the diffusion coefficient of the grains in our experiment was much less than s␦V.
The wide separation of time scales between collisional dynamics and the longtime diffusive limit suggest that complex collective dynamics occur even in the absence of long-wavelength clustering instabilities (5), reminiscent of dynamics in glassy systems such as viscous liquids and dense colloids. Our simple realization of a granular flow accentuates the contrast between a molecular fluid, where viscous loss occurs only in shear gradients, and sand, where a region of uniform flow dissipates energy because, as our results show, velocity fluctuations exist even in the absence of macroscopic gradients. The electrical properties of individual bundles, or "ropes," of single-walled carbon nanotubes have been measured. Below about 10 kelvin, the low-bias conductance was suppressed for voltages less than a few millivolts. In addition, dramatic peaks were observed in the conductance as a function of a gate voltage that modulated the number of electrons in the rope. These results are interpreted in terms of single-electron charging and resonant tunneling through the quantized energy levels of the nanotubes composing the rope.
In the past decade, transport measurements have emerged as a primary tool for exploring the properties of nanometer-scale structures. For example, studies of quantum dots have illustrated that single-electron charging and resonant tunneling through quantized energy levels regulate transport through small structures (1) . Recently, much attention has been focused on carbon nanotubes (2) . Their conducting properties are predicted to depend on the diameter and helicity of the tube, parameterized by a roll-up vector (n, m). One type of tube, the so-called (n, n) or armchair tube, is expected to be a one-dimensional (1D) conductor with current carried by a pair of 1D subbands (3) (Fig. 1, right inset) . A recent breakthrough has made it possible to obtain large quantities of the (10, 10) single-walled nanotube (SWNT), which is ϳ1.4 nm in diameter (4) . This advance, in combination with recent successes in performing electrical measurements on individual multiwalled nanotubes (MWNTs) (5-7) and nanotube bundles (8) , makes possible the study of the electrical properties of this 1D system.
We have measured transport through bundles, or ropes, of nanotubes bridging contacts separated by 200 to 500 nm. A gap (suppressed conductance at low bias) is observed in the current-voltage (I-V) curves at low temperatures. Further, dramatic peaks are observed in the conductance as a function of a gate voltage V g that modulates the charge per unit length of the tubes. These observations are consistent with single-electron transport through a segment of a single tube with a typical addition energy of ϳ10 meV and an average level spacing of ϳ3 meV.
The device geometry ( Fig. 1 , left inset) consists of a single nanotube rope to which lithographically defined leads have been attached. The tubes are fabricated as described in (4) and consist of ropes made up of ϳ1.4-nm-diameter SWNTs. Diffraction studies (9) indicate that ϳ30 to 40% of these are (10, 10) tubes. Contacts were made to individual ropes as follows. First, the nanotube material was ultrasonically dispersed in acetone and then dried onto an oxidized Si wafer on which alignment marks had previously been defined. An atomic force microscope (AFM) operating in the tapping mode was used to image the nanotubes. Once a suitable rope was found, its position was noted relative to the alignment marks. Resist was then spun over the sample, and electron beam lithography was used to define the lead geometry. Metal evaporation of 3 nm of Cr then 50 nm of Au followed by lift-off formed the leads. This device has four contacts and allows different segments of the rope to be measured and four-terminal measurements to be performed. The device was mounted on a standard chip carrier, contacts were wire bonded, and the device was loaded into a 4 He cryostat. A dc bias could be applied to the chip carrier base to which the sample was attached. This gate voltage V g modified the charge density along the length of the rope. Four samples were studied at liquid helium temperatures. All of the data presented here, however, were obtained from a single 12-nm-diameter rope containing ϳ60 SWNTs. Figure 1 shows the I-V characteristics of the nanotube rope section between contacts 2 and 3 as a function of temperature T. The conductance is strongly suppressed near V ϭ 0 for T Ͻ 10 K. Gaps of a similar magnitude were obtained for other nanotube ropes with diameters varying from 7 to 12 nm and lengths from 200 to 500 nm. There was no clear trend in the size of the gap or the high-bias conductance with the rope length or diameter. We note that measurements of MWNTs by ourselves and others (5, 7) displayed no such gap in their I-V curves. These results are in rough agreement, however, with those reported previously by Fischer et al. (8) on similar, but longer, ropes of SWNTs. In their experiments, the linear-response conductance also decreased at low temperatures.
Remarkably, the linear-response conductance G of the rope segment as a function of V g ( Fig. 2A) consists of a series of sharp peaks separated by regions of very low conductance. The peak spacing varies significantly but is typically ϳ1.5 V. The peaks also vary widely in height, with the maximum amplitude of isolated peaks approaching e 2 /h, where e is the electronic charge and h is Planck's constant. The peaks are reproducible, although sudden changes ("switching") in their positions sometimes occur, particularly at larger voltages. The peak width increases linearly with T (Fig. 2C) , whereas the peak amplitude decreases (Fig. 2B) . The most isolated peaks remain discernible even at T ϭ 50 K.
The differential conductance dI/dV of a rope (Fig. 3) is reminiscent of previous measurements of Coulomb blockade (CB) transport in metal and semiconductor wires and dots (1) . In these systems, transport occurs by tunneling through an isolated segment of the conductor or dot that is defined either by lithographic patterning or disorder. Tunneling on or off this dot is governed by the single-electron addition and excitation energies for this small system. The period of the peaks in gate voltage, ⌬V g , is determined by the energy for adding an additional electron to the dot. In the simplest model that takes into account both Coulomb interactions and energy-level quantization, which we refer to as the CB model, the peak spacing is given by
where U ϭ e 2 /C is the Coulomb charging energy for adding an electron to the dot, ⌬E is the single-particle level spacing, and ␣ ϭ C g /C is the rate at which the voltage applied to the back gate changes the electrostatic potential of the dot; here C is the total capacitance of the dot, and C g is the capacitance between the dot and the back gate.
To understand the dependence on V and V g in more detail, consider the energy-level diagrams in Fig. 4 . They show a dot filled with N electrons, followed by a gap U ϩ ⌬E for adding the (N ϩ 1)th electron. Above this, additional levels separated by ⌬E are shown, which correspond to adding the (N ϩ 1)th electron to one of the excited single-particle states of the dot. At a gate voltage corresponding to a CB peak, the energy of the lowest empty state aligns with the electrochemical potential in the leads, and single electrons can tunnel on and off the dot at V ϭ 0 (Fig. 4A) . At gate voltages in between peaks (Fig. 4B) , tunneling is suppressed because of the single-electron charging energy U. However, if V is increased so that the electrochemical potential of the right lead is pulled below the energy of the highest filled state, an electron can tunnel off the dot, resulting in a peak in dI/dV (Fig. 4C) . Further increasing V allows tunneling out of additional states, giving additional peaks in dI/dV (Fig. 4D) . Similar processes occur for negative bias, corresponding to tunneling through unoccupied states above the Coulomb gap. At its largest, the required threshold voltage for the onset of conduction of either type is
To apply this model to our system, we must postulate that transport along the rope is dominated by single-electron charging of a small region of the rope, or perhaps a single tube within the rope. For now, we will use the CB model to infer the properties of this isolated region. We initially restrict ourselves to the data of Figs. 2 and 3, which corresponds to the rope segment between the two central contacts. In the CB model, the temperature dependence can be used to deduce the parameters in Eq. 1. The width of a CB peak is given by d(⌬V g )/dT ϭ 3.5k B /␣e, where k B is Boltzmann's constant. Comparison with the data in Fig. 2C gives ␣ ϭ 0.01. From this value and the measured spacing between peaks of 1 to 2 V, we obtain a typical addition energy U ϩ ⌬E ϭ 10 to 20 meV. The disappearance of the oscillations above ϳ50 K yields a similar estimate for the addition energy.
The amplitude of the conductance peak increases with decreasing temperature at low temperatures. Within the extended CB model, this result indicates that ⌬E Ͼ Ͼ k B T and that transport through the dot occurs by resonant tunneling though a single quantum level. The peak height decreases as T is increased up to ϳ10 K. This sets a lower bound on the energy-level splitting of ⌬E ϳ 1 meV. In addition, for some peaks, such as those in the center of Fig. 2A , the intrinsic linewidths of the peaks are clearly observable. Fitting the peak shapes reveals that they are approximately Lorentzian, as expected for resonant tunneling through a single quantum level (1) .
The nonlinear I-V measurements confirm the addition and excitation energies deduced above. The maximum size of the Coulomb gap V max in Fig. 3 is a direct measure of the addition energy: for the two peaks in the figure, it is ϳ14 meV. Tunneling through excited states was also visible above the Coulomb gap for some peaks, and the level spacing to the first excited state ranged from 1 to 5 meV (10). For example, in Fig. 4 the level spacing between states labeled by C and D is ⌬E ϭ 1 meV.
These parameters compare well with expectations. Consider a single (n, n) nanotube. The tube is predicted to be metallic (3), with two 1D subbands occupied at the Fermi energy E F . The order of magnitude of the average level spacing should be related to the dispersion dE/dk (k is the wave vector) at the Fermi level (3, 11)
where the 2 arises from nondegeneracy of the two 1D subbands (Fig. 1, right inset) . The charging energy is more difficult to estimate accurately. The actual capacitance of the dot depends on the presence of the leads, the dielectric constant of the substrate, and the detailed dielectric response of the rope (12) . For an order of magnitude estimate, however, we take the capacitance to be given by the size of the object, C ϭ L. We then have
Note the remarkable result that in one dimension, both ⌬E and U (Eqs. 3 and 4) scale as 1/L, and hence the ratio of the charging energy to the level spacing is roughly independent of length. This independence means that the level spacing will be important even in fairly large dots, unlike in 3D systems. For a tube of length L ϳ 200 nm (the spacing between the leads), we obtain U ϭ 7 meV and ⌬E ϭ 2.5 meV, consistent with the observed values. To relate these theoretical results for a single tube to the measurements of rope samples, we first note that current in the rope is likely to flow along a filamentary pathway (13) consisting of a limited number of single tubes or segments of a few tubes each. This is because, first, 60 to 70% of the tubes are not (10, 10) , and hence, the majority of the tubes in the rope will be insulating at low T (14) . Second, the intertube conductance is small compared to the conductance along the tube, inhibiting intertube transport. Finally, the metal probably makes contact to only the metallic tubes on the surface of the rope, further limiting the number of tubes involved in transport.
Disorder along a filamentary pathway will tend to break it up into weakly coupled localized regions. This disorder may result from defects (15), twists (16) , or places where intertube hopping is necessary along the pathway. Generally, the conductance should then be determined by single-electron charging and tunneling between a few such localized regions. For other rope segments that we have measured, the characteristics were consistent with transport through a few segments in series or parallel, each with different charging energies. For the particular rope segment we have focused on here, however, a single welldefined set of CB peaks was observed, indicating that transport was dominated by a single localized region. We believe that this region is a section of a single tube or possibly a bundle of a few tubes. The measured charging energies and level spacing indicate that the Fig. 3 ), where transport occurs through the first and second occupied states, respectively.
SCIENCE ⅐ VOL. 275 ⅐ 28 MARCH 1997 ⅐ http://www.sciencemag.org size of this region is roughly the length between the contacts. Each peak therefore corresponds to resonant tunneling though a coherent molecular state that extends for up to hundreds of nanometers in a localized region within the nanotube bundle. Furthermore, the amplitudes of some isolated peaks approach the theoretical maximum for single-electron transport of e 2 /h. This amplitude is only possible if the barriers that confine this state at either end are approximately equal and there is no other significant resistance in series with the localized region. These requirements are consistent with the barriers being at the contacts between the metal leads and the rope. It is also possible that the barriers are within the rope, in which case the metal-rope contacts must be almost ideal so as not to reduce the maximum conductance from e 2 /h (17) . Variation in the coupling to each lead from level to level can account for the varying peak sizes apparent in Fig. 2 .
Although the above interpretation accounts for the major features in the data, many interesting aspects of this system remain to be explored. First, one would like to establish absolutely that transport is indeed occurring predominantly along a single tube. Second, it should be determined whether all details of the data can be explained within the simple CB model discussed above, because Coulomb interactions may significantly modify the low-energy states from simple 1D noninteracting levels (18) . Of great interest would be measurements of disorder-free tubes, where the intrinsic conducting properties of the tube can be measured without the complications of single-electron charging. To address these issues, experiments on individual single-walled tubes are highly desirable, and progress is being made in this direction (19) . Yet another important experiment would be to measure directly the intertube coupling by making separate electrical contact to two adjacent tubes.
Origin of the High-Frequency Doublet in the Vibrational Spectrum of Vitreous SiO 2
Johannes Sarnthein, Alfredo Pasquarello,* Roberto Car
The vibrational properties of amorphous SiO 2 were studied within first-principles density functional theory. The calculated spectrum is in good agreement with neutron data, showing, in particular, a double peak in the high-frequency region. This doublet results from different local modes of the tetrahedral subunits and cannot be ascribed to a longitudinal-optic-transverse-optic (LO-TO) effect. This solves a long-standing controversy about the origin of the doublet in neutron spectra. A LO-TO splitting is recovered only when the long-wavelength limit is probed, as in optical experiments. These findings should be a general feature of tetrahedral AX 2 amorphous networks.
The high-frequency vibrations in amorphous SiO 2 (a-SiO 2 ), corresponding to Si-O stretching modes, are responsible for a double peak that is clearly distinguishable in neutron spectra (1, 2) . In the same frequency range, infrared (3) (4) (5) and Raman measurements (6-8) show a LO-TO splitting induced by the long-range nature of the Coulomb fields that are present in ionic materials (9, 10) . Because the splittings in neutron and optical spectra are similar, two different explanations for their occurrence have been invoked. The splitting in the neutron spectrum has alternatively been attributed to two different vibrations of molecular subunits (3, (11) (12) (13) , with one of them being optically inactive, or interpreted as a LO-TO effect related to a single type of stretching mode (14, 15) . The explanation in terms of a separation between LO and TO modes arises naturally as an extension from crystalline SiO 2 . In ␣ quartz, at the ⌫ point of the Brillouin zone, a splitting of about 20 meV between LO and TO phonon modes is indisputable (16, 17) . De Leeuw and Thorpe showed that the LO-TO splitting as observed in infrared spectra (that is, for a long-wavelength excitation) could be generalized to an amorphous system (9) . However, their model failed to reproduce the double peak in the vibrational density of states that is observed with neutron scattering
